82
The focal depth distribution defines the depth extent and thickness of the 83 seismogenic part of the crust. This information is useful for seismic hazard assessment. 84 For small earthquakes, focal depths are generally computed using the arrival times of 85 the Pg and Sg phases that are recorded at field stations within a few tens of kilometers. 86 This approach was used for numerous aftershocks that occurred in 1988 and 1989 87 when field stations were in operation. 88 By the fall of 1989, however, the field stations in the epicentral region were 89 removed and only one vertical short-period digital station remained within 80 km of 90 the main shock. For events that occurred after the fall of 1989, earthquake epicenters 91 were computed using data from that station plus the CLTN stations, the focal depth 92 could not be reliably determined and a default focal depth of 18 km was assigned in 93 the GSC earthquake catalog. 94 The regional depth phase modeling procedure (RDPM) is an alternative method We achieved small hypocenter errors by relocating the hypocenters using the 110 hypoDD method (Waldhauser and Ellsworth, 2000; Waldhauser, 2001 ). This method 111 reduced the impact of path effects and increased the relative accuracy of hypocenter 112 locations. Ma and Eaton (2011) made a small revision to the technique to overcome 113 the trade-off between the focal depth and the epicenter. 114 The modeling of long-period surface waveforms can provide reliable nodal plane 115 solutions. Unfortunately, the only available regional broadband records generated by 116 the Saguenay mainshock were the three-component records at HRV. A surface 117 waveform modeling method and some P-phase first motions were used to determine a 118 moment tensor solution for the mainshock.
119
In the following sections, we outline the methods used in our work, and present 120 the focal depth solutions obtained using the RDPM procedure, the hypocenter 121 relocations for 10 events that occurred between 23 November 1988 and 18 April 1989, 122 and the moment tensor solution retrieved by modeling the long-period surface 123 waveforms and P-phase polarities. 124 The new findings, especially the rupture plane, identified from the two nodal 125 planes, may improve our understanding of this earthquake sequence and of intraplate 126 earthquakes in Eastern Canada.
128

Methods
129
In this article three methods were used. They are introduced here to make our 130 results easily understood. In eastern Canada, regional depth phases sPg, sPmP, and sPn are often observed. 139 Figure 2 provides an example. Ma and Eaton (2011) showed the sketch travel paths of 140 the depth phase sPg, sPmP, and sPn, as well as their reference phases Pg, PmP, and 141 Pn. The travel path of a depth phase and that of its reference phase have a large 142 difference at the source region. At a seismic station, the travel time difference is 143 mainly generated by the focal depth, while the epicentral distance have a small 144 contribution, so the travel time difference is not sensitive to the epicentral distance, 145 and can be used to determine focal depth.
146
The procedure that uses a depth phase to determine focal depth is to search a 147 depth that can be used to generate a time difference between a synthetic depth phase 148 and its reference phase, and this time difference is close to the time difference 149 between the observed depth phase and its reference phase. In Figure 3 (a) the top trace (17.2) was generated using a depth of 17.2 km, the crustal 152 velocity model in Figure 4 , and the moment tensor solution we obtained for the 1988 153 Saguenay mainshock. Other synthetic traces were generated with an increment of 0.1 154 km. The trace indicated with A64/hhz is the record. The modeled depth is 17.5 km.
155
The modeled focal depth will change if the velocity model used to generate the 156 synthetic traces is modified. The synthetic traces in Figure 3 (b) were generated using 157 a crustal model in which the velocities are 4% slower than those in Figure 4 , the 158 modeled focal depth using the same record is 16.7 km. This depth is 4.57% shallower 159 than 17.5 km. shows that when the P wave velocity ratio is 0.89 (7.1/8.0) the PmP amplitude is 168 D r a f t 7 much stronger than that when the ratio is 0.95 (7.1/7.5).
169
At the same distance, the amplitude of PmP changes with station azimuth. Figure   170 6 shows 14 traces generated at 14 azimuths with epicentral distance 100 km. Those 171 traces were generated using the focal mechanism in Figure 15 . At the nodal plane 172 strike directions (160° and 299°) the amplitudes of PmP are not weak. The weak 173 amplitudes occurred at directions somewhere between the strike and the dip directions. 174 The reason is that the take-off angles of those PmP waves were not close to the two 175 dip angles, they did not travel along the two nodal planes. An earthquake source can be described using a moment tensor. A moment tensor 191 is a 3× 3 matrix. In linear algebra a complex matrix can be expressed by summing 192 several simple, independent matrices. An arbitrary moment tensor is expressed by 193 summing six different constant moment tensors (Kikuchi and Kanamori, 1991) : explosion source, and a n (n = 1, 2, … , 6) are summation coefficients.
197
The relationship between the moment tensor and the coefficients is as follows: and Richards (1980) , and w(k) is a weighting factor assigned to station k.
227
The moment tensor inversion was performed using a revised simulated annealing 228 method (Liu et al., 1995; Ji, 1994 changes. Figure 7 shows those key features. One key feature is that the sPmP phase is 239 weak within about 100 km (~ one degree), while sPg is weak beyond 1.1 degree.
240
Another feature is that the time difference between a depth phase and its reference 241 phase changes slightly with distance. In Figure 7 , the dashed line indicating the Pg In the first group, the GSC catalog provided the focal depths (column GSC). After 269 the three field stations were removed in the autumn of 1989, most events in the 270 second group were assigned a default focal depth of 18 km.
271
The epicenters of the 33 events in Table 1 the sPg and Pg phases were almost equal, implying that these two events had similar 296 focal depths. The time differences between the Sg and Pg phases were also almost 297 equal, implying that these two events also had very similar epicentral distances. stations, and so we trusted the measurements in the pick files.
373
We retrieved Pg and Sg arrival times from the pick files and relocated the 10 374 events in Table 2 in Table 3 were obtained using a factor value of 70.
387
Panel (a) in Figure 11 shows the distribution of the stations that were used for the The columns indicated with e_EW and e_NS in those for other earthquakes, the measured P and S arrival times may not be correct. Table 4 were those believed to be the best based on the available data set. Figure 14 shows that those eight events were distributed on a 432 plane with a strike in the northwesterly direction and a dip in the northeasterly direction.
433
Comparing Figure 14 (b) to nodal planes in Figure 15 (a), it was inferred that nodal 434 plane p2 was close to the rupture plane of the mainshock. Figure 15 shows a revised 435 version from the report draft by Ma and Adams (2002) .
436
Other authors performed moment tensor and focal mechanism inversions for the 437 Saguenay mainshock using different datasets and methods. The column indicated with σ in Table 4 
-------------------------------------------
703
Each synthetic trace was generated using the depth indicated at the left. The bottom 704 trace is the P-wave segment recorded at A61, generated by event 3 in at azimuth 158°. The arrows point to the aftershocks 7 and 9 in Table 3 . to 10 are the event index in Table 2 and Table 3 hypocenters of the eight relocated earthquakes in Table 3 (No. 7 and 9 were removed).
727
The strike of the fitted plane is at azimuth 158° (or 338°), the dip angle is 72°, and the between the observed and the synthetic. Note: The depth value, 28.91 km, for the main shock comes from the GSC catalog.
756
Other depth values come from the RDPM procedure (see Table 1 ). The time differences between Pn and Pg, as well as Pn and PmP increase with distance. Table 1,   849 while the length of each dashed vertical line segment shows the focal depth in group 2. 
863
Each synthetic trace was generated using the depth indicated at the left. The bottom 864 trace is the P-wave segment recorded at A61, generated by event 3 in Table 1 at azimuth 158°. The arrows point to the aftershocks 7 and 9 in Table 3 . to 10 are the event index in Table 2 and Table 3 hypocenters of the eight relocated earthquakes in Table 3 (No. 7 and 9 were removed).
898
The strike of the fitted plane is at azimuth 158° (or 338°), the dip angle is 72°, and the between the observed and the synthetic.
